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Lipopolysaccharide (LPS) -Bin ding Protein and Soluble . 
CD14 Function as Accessory Molecules for LPS-induced 
Changes in Endothelial Barrier Function, In Vitro 
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Abstract 

Bacterial UPS Snduces endothelial cell < EC) injury both in wo 
And W vitro. W« Studied the effect of Escherichia cdli 01 1 1 :B4 
LPS 00 movement of ,J C-BSA across bovine pulmonary artery 
EC monolayers. In the presence of serum, a 6-h LPS exposure 
amjmemed {* < 0.001) transendolhclial ,4 C BSA flnX com- 
pared with the media control at concentrations & 03 ng/ml, 
and LPS { 10 ng/ml) exposures oft 2-b incased (P < 0.005) 
the flux. In ihe Absence of serum, LPS concentrations of up to 
1ft jig/ml failed to increase "C-BSA Au* ai 6 b. The addition of 
10% scrum increased EC sensitivity to the LPS stimulus by 
> JfcOOO-fold. LPS (JO ng/ml, 6 h) foiled 10 Increase ,- C-?$A 
flux at semm concentrationa < 0.5%, and maximum LPS-m- 
duecd increments could be gerterared in the presence Of & 2 
LPS-blnding protein (LBP) and soluble CDU (sCDU) could 
each satisfy this scrum requirement, cither anri-LBP or and- 
CDU ontibody each totally blocked (P < 0.00005) the LPS-in- 
duced change* in endothelial birrier function. LPS-LBP had a 
more rapid onset than did LPS~stf>14, The LPS effect in (he 
presence of both LBP and sCDJ4 exceeded the effect in the 
presence of either protein utone. These data suggest that LBP 
and SCDJ4 each independently functions as an accessory mole- 
cule Tor LPS presentation 10 the non-CD] 4-bearirh3 endothe- 
lial surface. However, id the presence of serum both molecules 
are required. (/. C/i". iWrf. 1994. 93:692-70?.) Key words: 
endotoxin • ndult respiratory distress syndrome * vascular per- 
meability 

Introduction 

Gram-negative bacteremia and its attendant cndotoAemia can 
serve as clinical antecedents for adult respiratory distress syn- 
drome (I). BacuriaJ LPS induces acuw pulmonary vascular 
endothelial cell ( EC) 1 injury in experimental animals (2) . Mul- 
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tiple host responses have been postulated as mechanisms for 
LPS-induced lung injury, including; systemic and pulmonary 
hemodynamic alterations, complement cleavage products, ara- 
chidgnate metabolites, platelet-activating factor, granulocytes, 
tcaic gtygen intermediate* and proteinase* (2). as well as cy- 
lokiTies (3). LPS has been shown to augment the movement of 
1M I-albunim across bovine pulmonary arterial EC monolayer 
in the absence of hydrostatic pressure changes, granulocyte ef- 
fector cells, alveolar macrophages, or numerous nonendothe- 
lial-deiived host mediators (4). Some LPS-induced EC re^ 
sponsesare serum dependent (4, 5). Recently, an LPS-binding 
protein (LBP) has been remonstrated in the sera of various 
species (6-9). LBP binds to the lipid A component of LPS 
(10), and this LPS-LBP complex recognizes CD14 on host 
cells of monocyte/macrophage lineage (11). The endothelium 
is reportedly a non-CD14-bearing surface ( 12, 13),Monocyie- 
derived CD 14, which is attached to the plasma membrane via a 
phosphatidylinosilol glycan anchor(14, 15), can also be pres- 
ent in soluble form in normal serum (14, 16). This soluble 
CD 14 (sCDl4) may participate in LPS presentation to the EC 
( 17, 18). In this report, an endotoain-scnsiiive pulmonary vas- 
cular EC line ( 4, 5 ) was used to focus on the direct effect of LPS 
on endothelial barnex function and the influence of serum con- 
stituents) on this LPS-EC interaction. More specifically, we 
present evidence that the acute phase protein, LBF, and the 
monocyte differentiation antigen, CD 14, can each function ai 
accessory molecules for LPS-induced changes in endothelial 
barrier function. That monocytic cells shed or release a mole- 
cule into the intra vascular compartmcni which in concert with 
an hepatocytc-synthesized protein can regulate LPS presents- 
lion to the non-CD 14-bearing EC surface is novel. 

Methods 

Reagents. LPS phcaoUxtracted from Escherichia CO*i serotype 
Oil l:B4 (SUnia Chemical Co, St. Louis. MO) was suspended in PflS 
at 1 ma /ml and this stock solution was stored at -20" C Rabbit and 
human LBP were punned from acute phase Jcrft as described (6, 7). 
Purified goat preimmuDe IgQ as well as polyclonal snii -human LBP 
from immune serum were prepared using ammonium sulfate prccipiia' 
lion ( 30*) and DEAE^zlIukrae chromatography at pH 7.7, according 
10 standard method* ( 19). The goat had been immunized with human 
LBP expressed using the baculovinw, SH> insert ceil synem (2D). 
Human sCDH 4t>d mAb 2BC3 specific for human CD 14 were ob- 
tained from A* Moriany and D. Lcturcq(K. W, Johnson Pharmaceuti- 
cs Resaaich Institute, U JoUa, CA). Purified murine lgC 2k myeloma 
protein (Sigma Chemical Co.) was used as a control Tar the IfG^ mAb, 
2BC5. The acute phase protein, human C-rcacdvc protein (CRP) (Po- 
lysckwes Inc., Warrington, PA) w« used as a control for LBP. Two 
pb09nhandyhj;osiLc4-aiKAOred proteins, human decay^cce letting 
factor ( DAF) provided by Of . M. E Medof ( Department of Pathology, 
Case-Western Reserve University, Cleveland. OH) and bovine Folaic- 
binding protein (Bio Pacific Inc., Emeryville, CA) were used aa con- 
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trolfi for sCD J 4. CD J A-deptaed human serum (HS) was prepared us- 
ing affinity chromatography. Briefly, anti-human CDU mAb 2SC5 ( 1 
mg> was immobilized using a Readied* matrix (Pierce Chemical Co.. 
Rotkfbrd. IL) and was equilibrated with PBS. Pooled-type AB HS 
(Sigma Chemical Co-) ( 10 ml) was passed through the column. sCDM 
bound to the immobilized mAb was clulod using glycin-HCl, pH 2_5. 
After reoquilibrarion wiih PBS, the oral flow through was again passed 
through the column, and the second flow through was considered as 
CDl4-dcpleted HS. sCD14 coacemrationsin the starting malerial were 
2 Kg/nfl] HS and < I Dg/ml in the CD 1 4 .depleted serum, 

Endothelial cell culture. Bovine pulmonary artery J£C (American 
Type Culture Collection, RockviHc. MD) were grown at 37°C under 
5% CQ 3 in DME (Sigma Chemical Co.) and were enriched with 20% 
FBS (Hydone Laboratories Inc., Logan, UT), 4 mM L-glutiimine. 
nonessential amino acids, and vitamins in the presence or penicillin 
(50 U/ml) and streptomycin (50 Mg/ml) (Sigma Chemical Co.). EC 
were washed and were gently detached with a brief ( 1 -2 min) trypsin 
(0.5 mg/ml) (Sigma Chemical Co.) exposure with gentle Agitation, 
followed immediately by neutralization with FBS-contBining medium. 
The cells were counted and were suspended in medium for immediate 
seeding Of assay Chambers (4 x to 3 cells/ml) or 6-wetl tissue Culture 
plates ( 3.0 X 10 1 cetl*/i») ) . Cultures were determined to be endothelial 
by uniform morphology and quaniixative determination or arudolen- 
sin-convenirig enzyme activity with commercially available 3 H»ben- 
zoyJ-Phe-Ala-Pro substrate ( Venire* Laboratories, Portland. ME). 

Assay of transendotAekal atfywnfnjlux, Transendoihclial "C-BSA 
flux was assayed as we have described (21). Polycarbonate filLers ( 13- 
mm diameter, 0.4-mn pore size) ( NudeopOrt Corp M Flcasanton. CA) 
were treated with 0.5% acetic acid <50*C 20 min), woe washed fn 
distilled HjO. and woe immersed in boiling pi$ skin gelatin (Fisher 
Scientific Co., Pittsburgh. PA) (5 mg/liler distilled H,0) for 60 min. 
The fillers were then dried, were glued to polystyrene chemoiactie 
chambers (AD APS Inc., D*dh>m, MA), and were gas sterilized with 
ethylene oxide. These chambers, which served as the upper compart- 
ment for the Assay chambers, weir inserted into wells of 24-well plates, 
each well containing 1 .3 ml medium and serving as the lower compart- 
ment of the assay chamber Each upper compartment was seeded with 
2 x JO 5 £C in 0.5 ml medium and was cultured for 72 h (37"C. 5% 
COj). We used i4 C.BSA (Sigma Chemical Co.) with a specific activity 
of 30.1 ftd/mg protein as the tracer molecule. The baseline harrier 
function of each monolayer was determined by applying an equivalent 
and TtproduCible amount of ,4 C-BSA ( 1.1 pmol/0.5 mi) to each upper 
compartment for 1 h at 37'C, after which 0-5 ml from the lower com- 
partment wag added to 4.5 ml scinuTIaiion fluid (Qplifluor: Packard 
Instruments Co,, JnC Downers Grove. IL)and was counted in a liquid 
scintillation analyser (Tri-Carb 150(fc Packard Instruments Co.. Inc.). 
Only EC monolayers retaining i 95% of the "C-BSA were studied. 
The monolayers were then exposed to LPS at varying: concentrations 
for increasing exposure times. Simultaneous controls with medium 
alone were performed. Transfer or l4 OBSA across EC monolayers was 
again assayed. 

In other experimrnis,, serum-dependence for LPS- induced ehanees 
in endothelial barrier function was studied. EC were seeded onto gela- 
tin-impregnated filters and woe cultured in DME enriched with 20% 
f BS as above. Over the last 16 h of the 72-h incubatiod, the monoliy ere 
were serum-starved in DME alone. At 72 h. baseline barrier function 
was established using the permeability tracer "C-BSA in fresh medium 
containing no FBS btit supplemented wiih BSA (34 g/liler) yielding a 
final protein concentration equivalent to DME enriched with 10% 
FBS. The BSA was included 10 control Tor potential nonspecific pro- 
tein -LPS interactions and 10 minimize nonspecific binding of reagents 
to plastic. Then, the monolayers were incubated with media containing 
LPS 10 ng/mL increasing FBS concentration*, and reciprocally de- 
creasing QSA Concentration} so that the same final protein concentra- 
tion was maintained. Endothelial barrier function again wu deter- 
mined using "C-BSA with the same fixed BSA concentration used 
above. Endothelial barrier function also was assayed for scrura-siarved 
monolayers after 6-h exposures to increasing LPS concentrations 



( l0~ l -10' ng/ml ) again, in the presence of the same fixed BSA concen- 
tration used above, io Ihe absence of FBS. To add/ess whether LBP or 
sCDI4 could be operative in (he scrum-dependent LPS effect, rabbit 
LBP { 6 ) , human LBP ( 7 ), or human eCP 14 were each used in selected 
experiments in lieu of FBS. LBP (mol wi m 60,000) was used at con- 
centrations ( 1.2 *ig/ml) equimolar iq LPS »00 ng/ml (estimated aver- 
age mol wi - 5,000) ( 10). Human-CRP and DAF as well as bovine 
folate- bin ding protein were used as protein controls. To establish a 
dose-response relationship between LBP and L PS-induced barrier dys- 
function, increasing concentrations of rabbit LBP together wrd) a fixed 
LPS concentration ( 1 00 ng/ml ) were studied. Similar studies with vary- 
ing concentre lions of human $CDl 4 and the same LPS exposure were 
Also performed. In experiments where LBP was coadministered with 
sCDM, lower concentrations were used. 

1(1 One set of experiments, serum -starved monolayers were studied 
for barrier function in the presence of 10% HS. The HS was obtained 
from the same individual, and was immediately aliquoted and frown. 
The monolayers were exposed to LPS 100 ng/rol (or 6 b with Of with- 
out preincubation with either murine monoclonal anti-human CD l a 
antibody 28CS ( 10 ug/ml) or goat anti-human LBP IgG ( 1 mg/ml) 
( 19)- Simultaneous controls for each antibody preparation alone as 
welt as for ipeciet-mawhed irrelevant antibodies were also performed- 
In another set of expert menus, serum-starved monolayers were exposed 
10 LPS 100 ng/ml or media alone for v h in the pretence of either 10% 
HS or 10% CDl4-depleied HS from the same donor. These two sera 
had LBP concenxriuOTiS of 27 and 23 ng/ml, respectively. 

Efea of LPS EC vi&bihty. To determine whexher LPS-induced 
changes in endothelial barrier function could be explained by EC in- 
jury or loss of viability, LPS~exposed and medium control monolayers 
were serially studied for lactate dehydrogenase ( LDH ) release (22) and 
3l Cr reletae ( 2 1 ) as we have described previously. EC were seeded into 
ihe wells of24-wcll plates (2 v lO* cells/ welt) and were cultured for 72 
h to achieve confluence. For the LDH release assay, the medium was 
decanted and was replaced with medium containing LPS 10 ng/ml Or 
medium alone Tor increasing exposure times. Supernatania were har- 
vested, and the monolayer? w«re solubilized ( 1% Triton X-100, 0-5 h). 
LDH activity was assayed in Ihe medium and in the cell lysate (22). 
Test samples were mixed with reoonsriiui&d LD-L reagent (50 mM 
lactate, and 7 mM NaD, pH 8.9) (Sigma Chemical Co.). and AA 3WMn 
was measured at 37"C over L$ mm in a srxctropholometer (Gilford 
Response II: Cibu Corning Diagnostics, Oberlm, OH). LDH release 
was enpf eased as a percentage of toutf LDH (LDH in medium plus 
LDH in cells). Correction was made for LDH in FBS. For the 3l Cr 
release assay, confluent monolayers were labeled with 1 51 Cr) sodium 
thru mate (Amersham Corp.. Arlington Heights, IL) r 1 2 yCi/well, for 
3 h at 37*C (21). The washed monolayers were incubated with eiiher 
LPS 10 n$/ml or medium alone for increasing exposure times after 
which ihe supernatant; were counted. To differentiate between actual 
EC release of 31 Cr and EC detachment inio the Supernalanla, aJiquois 
of washes were ccnlrifuged (300 g , iQ min) before counting. All 
washed monolayers were solubilized with 1% Triton X-100 (Sixmn 
Chemical Co.) to induct maximum release. The lysalcs were centri- 
fuged- and the supemaiams were counted for i( Cr acdviry. EC injury 
was expressed as: ( 3l Cr iupemBlam)/( "Cr Supernatant plus "Cr cell 
lysale) X 100%. 

StAlbiital methods. The mean response for each experimental 
group was compared with its respective control by Student's f test. 
Analyses of variance were used to compare the mean responses among 
experiment^ and among control groups. A P value of < 0.05 was con- 
sidered significaiiL 

Results 

Dos&dcpendent effk& of LPS on iranSmdot/tcliat H C~BSA 
flux. A 6-h LPS-exposurc increased tianscndcnheJial M C-BSA 
flux in a dose-dependent manner (Rg. i). The mean (±SE) 
pnetrcatmcnt traosendotheliaJ "C-BSA Dux wa* 0.0 1 8*0.001 
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E. coU 0n1:B4 LPS Concentration (ngSml) 

. ..... ,v- « u , rwhMehau - ban nameM mean (±SE) traiMitdolhelial "C-BSa 

Hi-" ;. Do^-d^m effect or lps on '^"^^X^^^^^'^fmT^p^a ofiox ns. <*>«. ba* n»>~« 

Hun in j»co«ol« p« hour imotdUldy aft« 6-h «do*« «. mcrMB.ng ^^™^,^J 0Ils u>g fot 6 „ m U* .bien<* of fBS. Vtam 
MM (±8E) "C-BSA flux «ro» imm^im*" "j^ 'JJZ ISrfSSSS^ JSolM" » « (*«) "C-BSA 
i*SE) imMWcni baseline W «ttrio*ritf "C-BSA A.. km E^TSE*-- cf SE. <«>• number of monoloyw 

compyntf wiih the serum-free media control *i J» < 0.0001- 



pmol/h </i - 2B8). and the mean (±SE) •'C-BSA transfer 
across naked fthers without EC monolayers was 0.2 15±0.0l5 
pmol/h. The lowest LPS concentration that induced a signifi- 
cant increment in "C-BSA flux compared with the media con- 
trol was 0.5 ng/mL The maximum mean (±S£) "C-BSA flu* 
of 0.151 ±0.0 16 prnol/h was seen with LPS 1,000 ng/ml, al- 
though the LPS-induced effect seemed to plateau or saturate at 
doses > 10 ng/ml. The LPS effect in the absence of fl&S is 
discussed below. 

Time-depends effect of LPS on rrwendoiHetiat C-BSA 
flux The effect of LPS on.endcthelial barrier function was also 
lime dependent (Fig- 2). Transcndothelial "C-BSa Cux was 
assayed immediately after increasing exposure times to LPS 10 
ng/ml or media alone. There were no significant differences 
between "C-BSA flux across media control monolayers 
throughout the 6-h stud* period. LPS 1 0 n B /ml failed to induce 
significant increments in l *C-BSA flux compared with simulta- 
neous media controls after 0.5- and Uh exposures. Only LPS 
exposure* of i 2 h significantly increased "C-BSA flux with 
further limc-dependem increments throughout the 6-h study 
period. These studies demonstrated an LPS stimulus-to-EC re* 
sponse lag umeof > I h but<2 h. 

Effect Qf LPS Oil EC injur? or death. Two assays were used 
to determine whether an LPS exposure 1 10 ng/ml ) thai com- 
promises endothelial barrier function also might induce EC 
injury or death over the same time period, LP$-e*posed and 
media control monolayers were siudied serially for LDH re- 
lease and SJ Cr release (Table I). The total cell counts in either 



group did not change over the study period (data not shown). 
LDH release was not significantly different between expenrnen- 
tal and control groups throughout the study period. In fact, 
even LPS 100 ng/ml failed to significantly increase LDH re- 
lease compared wiih media controls at 6 h (4.05±l.37S> v 5 
2_22±0.8 \%). When the more sensitive "Cr release assay was 
used. LPS exposure significantly augmented EC l C* release 
compared with simultaneous media con trols at 4 and 6 h ; This 
assay detccjs defects in the plasma membrane that permit pa^ 
sage of molecules i 1 ,000 D. If one use? LDH release as a more 
stringent detection system for membrane integrity and cell via- 
bility, these data suggest that a * 6-h LPS exposure at 1 0 ng/ml 
induces EC membrane perturbation without frank loss of via- 
bility. . 

Influence of serum on LPS-induced changes m endothelial 
barrier funaion. The effect of LPS on endothelial barrier func- 
tion was scrum dependent. LPS concentrations £ 10 ng/ml 
failed to increase H C-BSA flux across serum-starved mono- 
layers in the absence of fBS (Fig. U open ban). Only LPS 10 
ng/ml significantly increased "C-BSA flux compared with the 
simultaneous media control This serum-free 6-h LPS expo- 
sure at 10* ng/ml significantly increased EC cytotoxicity com- 
pared with media controls on the basis of LDH release 
(40.76±6.0I vs8.40±!.0B%.w- U). The LPS-induced barrier 
dysfunction induced by a high LPS concentration in the ab- 
sence of FBS was associated wuh EC death, unlike barrier 
changes seen with low LPS concentrations in the presence of 
FBS (Tabic I)- Transcndothelial ,4 C-BSA flux across scrum- 
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Ffcuw 2. Time-dependem effect or 
LPS on transendoLheiiol '"CBS A 
flfx. Verticil bus represent mean 
(±SE) trjmsendoiheliaJ '^C-BSA flu* 
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after increasing exposure time? to 
LPS 10 ng/rol (wessfuuehed bars) 
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(open fcarj). Mean (=SE) prelrcai- 
mem baseline is sftown by cfte dosed 
bar. 



starved monolayers was measured after a 6-h exposure to a 
fixed LPS concentration ( 1 0 ng/ml ) pr media, both in the pres- 
ence of increasing FBS concentrations (Fig, 3)- The mean 
(±$E) prctreatment transendoiheUal M C-BSA flux was 
(X0l4±0-00l pmol/h(n = 349).LPS 10 ng /ml failed u? signifi- 
cantly increase "C-BSA flux ai serum concentrations <0-5% 
compared wnb The media controls containing equivalent FBS 
concentrations. The maximum transcndoihdial M C»B$A Dux 
after LPS exposure ( 10 ng/mt, 6 h) was seen in the presence of 
2 2.5% FBS. Ai the intervening FBS concentrations, i.e., 0,5^ 
2.5%, the LPS effect on M C-BSA flux increased with increasing 
FBS concentrations. 

Role of LB? in LPS-induced changes In endothelial barrier 
function. The ability of LBP to promote the LPS-induced EC 
response was studied (Fig. 4), LPS only in the presence of 
either FB5 or LBP significantly increased iransendgthcfial "C- 
BSA flux. The addition or BSA or CRP failed to support the 
LPS effect. When monolayers were exposed for 6 h to a fixed 
LPS conceniraiion ( 100 ng/ml) in the presence of varying rab- 
bit LBP concentrations, the LPS /LBP effect increased a* the 
LBP concentration increased {Fig. 5). LBP concentrations 



0.1 jig/ml in the presence of LPS significantly increased al- 
bumin flux compared to LPS alone; LAP alone at 3 ug/ml bad 
no effect. The maximal LPS/LBP effect was seen in the pres- 
ence of 1.0 Mg/rnl LBP, a dose approximation of the estimated 
equimohu* concentration of LBP for LPS at 100 ng/mJ ( 10). 
LBP at > 1 iift/ml was not associated with any further incre- 
ment in the LPS/ LBP effect. These data are compatible with 
an optimal CPS/LBP ratio of 1:1 in our experimental system. 
When US was used to take advantage of anti-human LBP ami- 
bodies, ami*L)9P amisera completely blocked the ability of 
serum to suppon the LPS-induced endothelial barrier dysfunc- 
tion (Fig. 6). In a scrum-free reconstituted LPS-human 
sCDi4 system. anti-LBP antibody had no effect, excluding 
cross-reactivity of the anti-LBP antibody with sCDK There- 
fore, the single protein LBP could substitute for serum in the 
promotion of the LPS-induced changes, and in the presence of 
scrum LBP was required. 

Rob qf jCDJ4 in LPS-induced changes in endothelial 
btirrierfunQtior\. Similarly, the ability of sCD I A to alter LPS-in- 
duced changes in endothelial barrier function in the absence of 
scrum or LBP was studied (Fig. 7). LPS with sCDu in the 



Table I. Measurements qf Endothelial Celt Injury or Deaik after LPS Exposure 
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Media control 


4.93±1.74 


(9) 


I.9B=0.77 




2-97x0.79 
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2.22=0.81 


(23) 


LPS {10 ng/mt) 


Z14±Q.72 


m 


3.30±I.A7 
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2.98*1.33 


(9) 


4.40=0.99 


(23) 


"Cr release 










Media control 


5.83=0.51 


(10) 


8.13=0.28 


(10) 


8.76±fl.23 


(10) 


13,00*0,50 


(10) 


LPS [10 ng/ml) 


6.73*0.29 


oo) 


7.60*0.44 


(10) 


IJ.10±OVI2 fi 


(10) 


I6.26sl.33* 


(10) 



perceniaje of "Cr release calculated ai *'Cr activity in supemawnV 
increased compared with simultaneous media control* »i P < 0.04. 



'Mean <=S£) 
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/^lire 3. ScniroKlc pen- 
dent effect of LPS on 
tranKndothelial "C-BSA 
flux. TranSOndclhelial 
"C-BSA flux wrt»i 
semm-swved mono- 
layers exposed » LPS 10 
ng/ml or media for 6 h 
in ihe presence of in- 
creasing FBS concentra- 
tions. Esch symboL repre- 
sents mean (±SE) tfan- 
scadeihcliftt i4 C-BSA flux 
in the presence of a spe- 
cific FBS concentration. 
M«n(=SE)prnueai- 
roent baseline iranacn- 
dothcllai 14 C-BSA mi* H 
jhowoVytbfl open bar- 
Insel contain* * 
both LF&expased mono- 
Uyen and ihc media 
uois in ihc presence of 
incrtwin* FBS concen- 
trations. -Sianificamly in- 
creased compared with 
the *iraulwncous media 
controls containing an 
equivalent FBS concen- 
tration ai P < 0.045. 
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figure 4. Effect of LB P on 
LPS-irvdWSd changes in 
endothelial tanter fa™* 
Tion- Transertdothelin) 
l4 C-BSA Auk wr$ deier- 
mincd across wrutt- 
starved monolayers ex- 
posed for 6 b to senim- 
free media, LPS 100 
ng/mJ in ie/um-fite me- 
dia, media enriched with 
10% FBS, LPS I00ng/m) 
in media with 1 0ft FBS, 
LPS lOOng/mlwilhan 
cquimojar concenrraiion 
ofrtbbU LBP(l-2 u*/raD 
in serum-free media. LPS 
100 n&ymlwuhanequi- 
molir eoncenlrtiion of 
burnt p LBP in $eninvfr« 
media, LPS 100 ng/mJ 
withbuman CRP(1.2 
^/ail). or scrum -fret 
media with cither rabbit 
or human LBPOrCRP, 
alone. Vertical cross- 
hatched bait represent 
mcan(*SE)tran«:ndO- 
.tbellal "C-6SA flux in 
picomolcs pu hour ifli- 
medialcly after slitfiulB- 
tion. And mean (*SE> 
prtireatment baseline is 
shown by the closed bar. 
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/7tfv* J. Dose-dependent effect of LBP on LPS-uiduced changes >a 
endothelial barrier Aincrjcui. TransendOtheliaJ '*C-8SA flux was de- 
termined across semnvsiarwcd monolayers exposed for 6 h to serum- 
free media, LPS I DO nt/ral in scnim-free media, LPS 100 /mJ in 
the presence of increasiiiE concentrations of rtbfeii LBP, or rabbii 
LBP (3 >*B/ml) atone. Vertical croKhitched ban represent mean 
(ySE) transrodoihclial '*C-BSA flux in picomoia per hour immedi- 
ately after stimulation, and the mean (±SE1 prci*eaiment baseline 
is shown by the closed bar. -SignificsiiUy increased compared whh 
LPS in ihc absence of LBP al P * 0-002. 



absence or serum or IBP significantly increased M C-BSA flux 
compared *ith either LPS or sCDJ4 controls. The addition of 
BSA. DAF, or folate-binding protein each foiled 10 support the 
LPS effect. When monolayers were preincutetcd with sCDU 
for 0.3 h and then washed before LPS treatment, no increase in 
**C-B$A flux could be ctenronsirated (data not shown). When 
monolayers were exposed for 6 h 10 a fixed LPS concentration 
( 100 ng/ral) in the presence of varying sCDl 4 concentrations, 
the LPS/5CDI4 effect increased as a function of sCD14 con- 
centration (Fig. 8). SCD14 concentrations * 25 ng/ml in the 
presence of LPS significantly increased albumin flux compared 
with LPS alone, and ihe effect plateaued at sCDl4 concentra- 
tions of *500 ng/ml. At concentrations of &250 ug/ml, 
sCD 1 4 in the absence of added LPS induced a slight but wgnin- 
caM increment in albumin flux compared with the media con- 
trol- However, the sCX>14 preparations used In these experi- 
ments contained 0.3-1* ng LPS/ng sCDU (i e , up to 4 ng 
LPS/250 ng sCD14). Again, using H5 to take advantage of 
ami-human CD 1 4 antibodies, anti-CDl4 antibody com- 
pletely blocked the ability of scrum to support the LPS-induced 
endothelial barrier dysnincrion ( Fig. 6). In a serum-free recon- 
stituted LPS-human LBP system, anti-CD 14 antibody had no 
effect, excluding cross-reactivity of the anti-CD14 antibody 
with LBP. To further substantiate the accessory function of 
sCD14. monolayers were exposed to LPS in the presence of 
cither HS or HS depleted of sCD 1 4 by immuooaffinity chroma- 
tography, both from the same donor. The normal HS sup- 
ported the LPS effect, whereas the CD14-depleted HS with 
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Figure 6. Effect of anti- 
LBP and mnli«CD14 im- 
munoblockade on LPS- 
induced changes in endo- 
thelial barrier function. 
Transendoihelial "C-BSA 
nuK was determined 
across serum-Starved 
monolayers exposed for 6 
h 10 media enriched *idi 
10% HS, LPS 1 00 ng/ml 
in media with JO* HS. 
LPS in media with 10% 
HS in the presence of 
ami-human LBP anti- 
body ( I mg/ral), LPS 100 
nj/tul in media with \0% 
HS in the presence of 
ami-human CDl4 anti- 
body (10 ng/ml), LPS 
1 00 ng/ml and human 
LBP {I. I pg/iriDin 
serum-free media, LPS 
100 ng/ml and human 
LBP(l-2(*/ral)in 
serum- free media in the 
presence of anti-human 
CDUanubody, LPS 100 
ng/ml and human *CD14 

100 ng/ml in senim-free media, LPS 100 ng/ml and human sCDU in arunvfree media in the presence of anu-LBP ^body. ar media with 
either an li body Or th6t speciej-maiched controb alone. Vertical crosshatched bar? represent mean ( *SE ) IransendotheUal "C-BSA flux w pi- 
comoia per hour immediately after stimulation, and mean | ±SE) prttreattnem baseline is Shown by the closed bur. 
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suprflihrcshold concentrations of LPB could not (Fig. 9). UP 
significantly enhanced the LPS-sCDM-indiiced increment* 
cornered wiih those seen after exposure to LPS-sCDi4 alone 
(Fig, 7). Therefore, sCDM functioned as an accessory moic- 
culcW LPS in ihe absence ofLBP, and immunoWockade with 
ami-CDM antibody prevented LPS-itiduced changes only m 
the presence of servm. The apparent Functional differences oi 
LBP and 5CD14 in wrum and purified reconstituted sysiem* 
arc discussed below. 



Figure 7. Effect of sCDl4 on 
LPS-induced changes in en* 
doihetial barner function. 
Tianscndoihclial l 'C-BSA 
flux was determined across 
scrud-sUrvcd mouolaycrt 
exposed for 6 h 10 scrum-free 
media, LPS 100 ng/ml 
ieram-fiw media, human 
iCDIA SO ng/ml, LPS 100 
ng/ml, LPS with *CD14 50 
ng/ml, LPS 100 ng/rol with 
human DaF 50 ng/ml, LPS 
100 ng/ml wiih bovine fo- 
latcbiiiding protein (FBP) 
50nft/rtil, human LBF 100 
ng/ml, LPS 100 ag/ml with 
LBP 100 ng/ml. sCDM and 
LBP. and LPS with both 
(CD U and LBP- Vertical 
crosshatched bars represent 
mean 

"C-BSA flux >n picomoles 
per hour immediately after 
stimulation, and mean <xSE) 
pfCErcauneni baseline if 
shown by die closed bar. 



Kinetic analysi: of IfS-inductf charge, « ^ff'f 
burner fUnaion in lh* presence of LBP. SCDH, or both LBP 
sCDU or both accessory molecules together were siudied for 
their ability to promote the LPS-induced changes m barrier 
function over time (fig. 10). AH reagent! i vere introduced a. 
the bcBiniin* orthe incubation period and remained tnrougit- 
out ihe indicated lime interval* when barrier function was ; im- 
mediately assayed. LPS in the presence of enhci LBP or both 
L&P and «CDI4 (50 ng/ml) significantly mcreaaed C-BSA 




Figured Do$e-depetldenl effect of iCDK 
on LFS-induoed changes in endothelial 
barrier function. Traxuendoihelial "C-B5A 
flux *« determined across serum-starved 
monolayers exposed for 6 b to serum-Lrw 
media, LPS 100 ng/ml increasing sCD 14 
concentrations, or these same sCDM con- 
cenlratioiw in the presence of LPS 100 ng/ 
mi. Venical bart represent mean (sSE) 
uansendouieli&l "C-BSA flux in picomoles 
per hour immediately after stimulation, 
and mean <±SE) pretreaiment baseline U 
$h<rwn by the closed bar- -SisotficanUy in- 
creased compared *Mh sCD 1 4 in the ab- 
sence of LPS at P < 0.02. •♦Significantly 
increased oomrx»red with the media oonirol 
«/>< 0,002. 
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certain other LPS-induced EC responses, including byperadhe- 
sivenes* for neutrophils (23 ), and increased expression of plas- 
minogen activator inhibitor 1 (24), IL-l (25), IL-6 ( ig, 2$), 
1L-S ( 18), and PDGF (27). The time requirements for the 
LPS-induced changes in endothelial barrier function are noi 
unlike those described after either rTNF* (21) or rIL-i (28) 
exposure. Compared with LPS, most other established media- 
tors of increased endothelial permeability, including hista- 
mine, bradykinin, and leukotrienc B4, all display a much more 
rapid onset of action (29). 

To determine whether endothelial barrier dysfunction pro- 
duced by a 3 6-h LPS exposure at 10 ng/mi was mediated 
through EC injury, two cytotoxicity assays *ere used- LPS ( 10 
ng/ml) failed to increase endothelial cell LDH release over 6 h- 
LPS failed to increase 3, Cr release after I or 2 b, but after 4 and 
6 h, M Cr release was minimally bui significantly increased. 
LPS-induced EC cytotoxicity has been well described and is 
highly dependent on LPS concentration *md exposure time, the 
presence of serum, as well as the species and possibly anatomi- 
cal origin of the target EC (5. 30-32). Most of these earlier 
studies used higher LPS concentrations and longer LPS expo- 
sure times (4, 5, 30. 31, 33, 34). In our system, LPS induced 
changes in endothelial barrier function at doses and exposure 
times ( 10 ng/ml x 2 h ) , which could not be ascribed to cytotox- 
icity or loss of viabiliiy as measured by these assay systems. On 
the basis of trypan blue exclusion (data not shown) and in- 
creased *'Cr release. LPS induced sublethal cell injury by 4 
and 6 h. 

The LPS-induced changes in endothelial barrier function 
were profoundly serum dependent. LPS ( 10 ng/ml, 6 h) failed 
to increase W C-BSA flux at serum concentrations < 0.5$, and 
maximum LPS-induced increments could be generated in the 
presence oft 2.5% FBS. The addition of 10% FBS increased 
EC sensiiivUy to the LPS stimulus by > 10,000-foid. LPS-in- 
duced EC cytotoxicity (4, 35) and detachment (5) as wcli as 
. prostacyclin synthesis (4) have all been shown to be scnim 
dependent. LPS functionally interact* with numerous serum 
constituents; ii activates the alternative complement pathway, 
and the intrinsic clotting and katlikrcm-kinin systems (36). 
and direcily binds to Hageman factor ( 36). high and lo«» den- 
sity lipoproteins (37). the acute phase protein, LPB (6, 10), 
and sCDI4 ( 18). We have now demonstrated scrum factors 
necessary for LPS-induced endothelial barrier dysfunction. 

In our bovine EC system, eiiher rabbit or human LBP 
alone, in the absence of other serum constituents, promoted 
the serum-dependent LPS-induced changes in endothelial 
barrier function. A dose-response relationship beiveen the 
LBP concentration and this LPS effect was demonstrated. The 
optimal LPS/ LBP ratio was 1:1. In addition, ami-human 
LBP antibody completely blocked the LPS-induced effect in 
the presence of HS. These data strongly suggest that LBP can 
function as an accessory molecule for LPS presentation to the 
EC surface. LBP is present in normal rabbit scrum in concen- 
trations of < 0.5 iie/ml, increasing — 100-fold 24 h after in- 
duction or an acute phase response ($, 10). In humans, LBP 
rises from 7.i^4.0 pg/ml in the sera of normal subjects to 
220±i00 itg/ml in acute phase sera( 38). The concentration of 
LBP employed in our studies ( i .2 ft£/rol) was well within the 
expected concentration range found in serum of either species 
(6, 7). That rabbit and human LBP as *ell as HS coutd each 
present LPS to bovine EC should not be surprising, as the mole- 
cule is highly conserved across species (7), Rabbit and human 
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LBP share 69* amino acid identity and 78% nucleotide iden- 
tity. An EC surface receptor ihaf LPS-LBP complexes recog- 
nize is not known. To our knowledge, CD14, a differentiation 
antigen on monocytic odls ( 14, 15, 39), has oot been demon- 
strated on EC. Wrighi et al. (12) found that LBP greatly en- 
hances binding of LPSnbated erythrocytes to monocytes and 
macrophages, and that this binding could be blocked by anti- 
CD 1 4 antibodies. No such binding could be demonstrated for 
human umbilical vein EC (HUVEC). Beekhuizcn et al. < 13) 
found no CD 14 expression on EC by flow cytometry. Mote 
recently, although CD 14 transcripts have been demonstrated 
in EC by polymerase chain reaction, CD! 4 message and pro- 
tein could not be found using Northern analysis, ELISA, im- 
munoprecipitation. or flow cytometry (Harlan, J. M, personal 
communication). 

There are wo studies thai are not consistent -with our obser- 
vation that LBP can support LPS presentation to the EC. Pugin 
el al. ( 1 S) found that LPS-LBP was unable to induce HUVEC 
expression of adhesion molecules and cytokine production. It 
is conceivable that EC from different anatomic sites and spe- 
cies differ sufficfcpily in their eelteurface receptors to explain 
these difference*. Further, the protein synthesis-dependent EC 
responses of adhesion molecule And cytokine expression used 
by Pugin et al. ( 18) differ considerably wjih the cytoskcletally 
driven changes in barrier function (22) used in our studies. 
Recently, Ardiri et al. (35 ) reported that LBP doe* not support 
LPS-induced bovine brain microvascular EC cytotoxicity as 
measured by LDH release after a 24-h LPS exposure. Relevant 
to the EC type wed in this study, Meyrick et al. (30) have 
previously demonstrated that although LPS induces bovine pul- 
monary artery EC barrier dysfunction, pulmonary microvascu- 
lar EC from the same species arc relatively LPS resistant* Arditi 
et al. (35) never showed their LBP to be active, i.e., there vas 
no positive control, making their negative results ambiguous. 
Similarly, they did not confirm their depletion of LBP from 
serum. Thus* it might be possible to reconcile the observed 
differences in behavior of LBP in these three systems, but the 
explanations are not very sattifying, and the reconciliation of 
these differences are under investigation. 

sCD14 also functioned dose-dependcnily as an accessory 
molecule for the LPS-induced EC response in the absence of 
serum or LBP. Anti-human CDi4 antibody totally blocked 
the LPS»inducc4 effect in ihe presence of HS, but had no effect 
in a reconstituted scrum-free LPS-U&P system. In other exper- 
iments, HS depleted of sCD14 by immunoaJfinrry chromatog- 
raphy also failed to support the LPS effect, Thui, the CD 1 4 thai 
contributes to the LPS-EC interaction in our system seems to 
be present in a soluble or circulating form and not on the EC 
surface. On the basis of a semiquantitative ELISA, normal hu- 
man plasma contains $CD14 at — 6 jug/mJ { 16), U has now 
been sirown that Haemophilus influenzae LPS induces bovine 
pulmonary artery and brain EC cytotoxicity in the presence of 
HS Uiat can be blocked by a murine monoclonal anti-CD L 4 
antibody (3C10); no experiments were perfcrmed m a serum- 
free system (32). More recently, sCDl4 has been shown to 
participate in LPS-induced expression of endothelial leukocyte 
adhesion molecule- 1 by HUVEC, as well as cytotoxicity ofbo- 
vine pulmonary artery (17) and brain microvascular (32, 35) 
EC- Another study has demonstrated thai sCD 1 4 is involved in 
the induction by LPS of HUVEC IL-6 and ft- 8 biosynthesis, as 
well as intercellular adhedon molecule- 1 and vascular-cell ad- 
hesion molecule- 1 expression { 1 8 ). At present, no specific bind- 
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infc site oo EC for LPS-sCDl4 complexes is known. Human 
monocytes express CD 14 on their surface, and iheir adherence 
lo cytokino-srimulated EC can be blocked by ami-CD 1 4 ami- 
' body 03). Whether this fading rcprc5cnt$ aq EC receptor for 
CD 14 expressed on the monocyte surface is unknown. 

We found thai LBP and sCDl4, two structurally unrelated 
molecules, could each singularly promote LPS-induced 
changes in endothelial barrier function in the absence of 
serum. Each molecule influenced the LPS effect in a doacnJc* 
pendent manner. Their contributions to the LPS effect were 
kinetically distinct; LBP had a much more rapid onset of action 
than did sCD 1 4 ( 1 v$ 6 hi . However, in the presence of serum, 
antibodies to cither LBP or sCD 1 4 completely blocked the LPS 
effect. "Diese results cannot be explained by cross-reactivity of 
the antibodies, because antibody to either LBP or sCDM did 
not cross-react with the other antigen in a serum-free reconsti- 
tuted system. Further, immunodepleiion of &CD14 did not sig- 
nificantly diminish serum LBP concentrations, and this 
sCD14-depleied serum thai contained supra threshold concen- 
trations: of LBP failed to support the LPS effect. Thus, our data 
suggest that in a serum-free, reconstituted system, LBP and 
sCD14 can each independeniiy function as accessory mole- 
cules for LPS presentation, whereas in the presence of serum, 
both molecules are required. Perhaps an additional serum com* 
poncnt(s) exists thai participates in LPS, LBP. and SCD14 in- 
teractions. In strum, other sinks for LPS exist For example, 
serum lipoproteins avidly bind up and detoxify LPS ( 37, 40). 
For the EC to compete effectively with these other fates for LPS 
in scrum, a mprc effective presentation mechanism than cither 
LBP or sCDK alone may be required. In the reconstituted 
system, LBP and sCD 1 4 together enhance LPS-induccd incre- 
ments in tran$endothclial "C-BSA flux more than either pro- 
tein does alone. Whether IBP and sCD14 function sdditively 
or 5ynw£isi.ically is unclear. The optimal molar ratios of LBP, 
sCDl4, end LPS required to exert a specific biological response 
in a specific target tissue have not yet been defined. Alterna- 
tively, LPS cpmplcxed with both LBP and sCD!4 might oper- 
ate through a third pathway. Our data are compatible with one 
or more finite receptor populations that recognize LPS in the 
presence of an accessory molecule (s). Whether these accessory 
molecules complex to and alier the tertiary structure of (he LPS 
ligand to promote its accommodation by such an EC recep- 
tor(S) and /or directly Serve as docking proteins within the EC 
receptor- ligand interaction itself is unknown. Whatever the 
mechanismts), this ability of LBP and $CD14 to support the 
LPS effect cannot be ascribed to a nonspecific protein-LPS 
interaction; BSA, DAF. CRP, and folate-binding protein each 
failed to function as an accessory molecule for LPS presenta- 
tion to the EC. 

Humans have evolved over many thousands of years with 
bacteria and their endotoxins. That cells of monocyte /macro- 
phage Unease can provide a molecule that together with an 
hepalocyte-derived protein can facilitate LPS-EC interaction 
demonstrates remarkable host adaptability to a potentially 
lethal substance found in both gut flora and in the external 
environment. Through their facilitation of the LPS-EC inter- 
action, these accessory molecules may be central to tissue-spe- 
cific responses to LPS. SCD14 may be Synthesized and shed in 
situ within monocyte/m3crophaBe-containing sites where he- 
pfltocyte-synthesited LBP is excluded. The ability of these ac- 
cessory molecules to pass through physiological barrier? into a 
given body compartment the rapidity of their appearance, and 
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their local concentrations $11 may modulate LPS-rodticed bio- 
logical responses at the ubiquitous endothelial surface. LBP 
facilitaics LPS priming of neutrophils ( 40 ) , and sCD 1 4 partid- 
pates in LPS-stimulated astrocytoma cell secretion of IL-6 { 17 ) 
and colonic adenocarcinoma cell secretion of IL-8 (16). 
Whether LBP and/or sCD14 can serve as accessory molecules 
for LPS presentation to other host cells is not yet known. 
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figure 9. Effect of CD14*deplciion on scrum -dependent LPS-induced 
Change? in endothelial barrier function. TransendOtheHal "C-BSa 
HUX was determined across Scrum-siarved monolayer* exposed for 6 
h 10 media enriched whh 10% KS, LPS 100 TlB/rnl in media with 
10% HS. media with 10* CDH-depleied HS from the same donor, 
or LPS 100 ng/ml with 10% CDM-deplcied HS. The LDP concen- 
uanons in (he HS and CDU-deplered HS were 27 and 23 m/ml ic- 
SDecuVely. Vertical ban represem mean (±SE) transendolhelul ,4 C- 
55 A Dux in picomoles per hour immediately after Mimuftiion, and 
ihe mean ( ±SE) prelreaimem byline is shown by ihe closed bar. 



flux compared with LPS alone ai all time points. LPS in the 
presence of SCDI4 alone (50 or 500 ng/ml) did not signifi- 
cantly increase "C-BSA flux until 6 b. At 6 h, LPS in the pres- 
ence orbolh LBP and sCDI4 <5Q ng/ml) induced significantly 
greater »*C-BSA flux than did LPS with either LBP or sCD14 
algne. 

Discussion 

In this report, we have demonstrated that LPS extracted from 
E. coli 0111:B4 induces dose-, time-, and serum-dependent 
increments in uansendolhcliaJ "C-BSAflux across bovine pul- 
monary anery EC monolayers. In the presence of 10% FBS, a 
6-h LPS exposure at concentrations as low as 0 J ng/ml in- 
creased M C-BSA flux. Meyrick et 9I. ( 4) have previously shown 
ihai E. coli 055:B5 LPS at one fixed concentration ( 10 jig/mJ) 
augments movement of '**1-BSA across similarly passaged bo- 
vine pulmonary artery EC cells cultured on Altera, also in the 
presence of 10% FBS. Their LPS concentration was 2t 1,000- 
fold higher than those used in our study. 

Based on the dose-response relationship between IPS con- 
centration and change in endothelial barrier function, LPS 10 
ng/ml in the presence of FBS was used 10 study xhe time profile 
for the LP$-induced effect. A minimum LPS exposure of 2 h 
was necessary for immediate changes. Using LPS 1 0 Mg/ml in a 
similar experimental system, Meyrick et aL (4) found in- 
creased transendoUiclial albumin flux only at 3 h. This 2-3-h 
stimulus-to-response lag lime is similar to that described for 
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Fi$urt JO, Kinetic analysis of accessory molecule (5) regulation of LPS-induced changes in endothelial barrier function. Transendothelial l ^C- 
BSA flux was deiennined across senjro-Stafved monolayers Immediately after increasing exposure times to serum-free media, LPS 100 rg/mJ 
scrum-free media, LPS with LBP ( 1.2 ,ig/mi) p LPS Mfllh sCDl4 (30 or 300 ng/ml), a«d LPS with both LAP and sCDI4 (50 ng/ml). Each 
Syirtool ftpfwm tfre mean (±S£) tnnsendothelial H C-BSA flux in picomoles per hour immediately after increasing exposure times. 
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